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Imaging the Dimers in Sisss111ddd-sss7 3 7ddd
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High resolution electron microscope images of the Sis111d-s7 3 7d surface in the plan-view geometr
have been analyzed, and the overlap of the top and bottom surfaces has been extracted num
The resultant images show clearly not just the adatoms seen by scanning tunneling microscopy
the atoms in the top three layers, including the dimers in the third layer. [S0031-9007(96)01560

PACS numbers: 68.35.Bs, 61.16.Bg, 79.60.Bm
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The Sis111d-s7 3 7d surface is one of the most,
not the most, complicated surface structure in existe
A mystery for many years, the first reasonably accu
structure model came from transmission electron diffr
tion data (TED) [1,2], assisted in part by the obser
tion of adatoms by scanning tunneling microscopy (ST
[3–6]. The results of grazing incidence x-ray diffracti
[7–9], low energy electron diffraction (LEED) [10,11
TED [1,2,12], as well as theoretical analyses [13–17],
in agreement with the so-called dimer-adatom-stack
(DAS) model. This model consists of 12 adatoms (fi
layer), a stacking fault bilayer (second and third lay
within which 9 dimers (third layer) border the triangul
subunits as the core structure of1

6 f112g screw disloca-
tions, and a deep vacancy at each apex of the unit cel

While STM was used successfully to image t
adatoms on the surface, many of the key features,
instance, the dimers in the third layer, are too deep in
structure. Another technique, high resolution elect
microscopy (HREM), can obtain atomic scale informat
about surfaces by direct imaging. First employed
the so-called profile imaging mode [18], there has b
slow progress over the past few years using the m
general plan-view mode [19], where the electron beam
perpendicular to the surface of interest. In particular,
use of noise reduction filters [20] has enabled image
be obtained at very high resolutions in one case [21].

In this Letter we report results obtained using pla
view imaging coupled with noise reduction and numeri
inversion to separate the top and bottom surfaces.
resultant images clearly show not just the adatoms
also the buried dimers.

The sample was prepared from ap-type Si(111)
wafer of 10–20 Ohm cm. A disk of 3 mm diamet
was cut from the wafer, then mechanically thinn
and dimpled. Chemical etching of the specimen w
performed using a HF1 HNO3 solution. In this fashion
the specimen develops pits on its surface, and
0031-9007y96y77(20)y4226(3)$10.00
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regions in the pits are less than 300 Å thick. T
specimen surface was cleaned by heating at 1300±C,
using an infrared light in an ultrahigh vacuum cha
ber linked to a newly developed ultrahigh vacuu
transmission electron microscope (JEM-2000FX
operated at 200 kV, resolution 2 Å). The vacuu
around the specimen during cleaning was in
1028 Torr range, and during observation it was kept
the10210 Torr range.

The experimental images were obtained with a z
axis orientation, in which case one should use a
dynamical model with nonlinear imaging for the bu
reflections. However, here we are interested only
the weak (2%–3%) surface reflections, for which
kinematical approximation with linear imaging will b
rather accurate. (The highly nonlinear bulkh220j beams
were digitally removed before separation of the ima
took place.) Neglecting any focal difference between
top and bottom surface, in this approximation the elect
wave leaving the sample can be written as

Csrd  1 1 isfV srd 1 V sd 2 rdg , (1)
giving an imageIsrd,

Isrd  1 1
Z

sT sud hV sud 1 V psud exps2pid ? uj

3 exps22piu ? rddu 1 hsrd , (2)
whereV srd is the potential of the top surface,s the rela-
tivistic interaction constant,T sud includes the microscop
aberrations,d the translation between the top and botto
surfaces, andhsrd the noise in the images. This tran
lation can take any of the 49 possible combinations
1 3 1 lattice translations within the unit cell, plus one
the three translationss0, 0d, s 1

3 , 2
3 d, and s 2

3 , 1
3 d due to the

three different terminationsA, B, or C of the ABCABC
bilayer stacking. Hence, there are a total of 147 poss
translations. Assumingp6mm symmetry, there is suffi
cient information, in principle, to determine the trans
tion directly numerically as a free variable. However,
© 1996 The American Physical Society
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FIG. 1. A separated part of the image 1 from a1024 3
1024 pixel region after rotational (threefold) averaging. Atom
are black, with slightly darker features at the adatom locatio
where two atoms are superimposed.

practice, a less noise sensitive methodology was used
finding which of the possible translations generated
bestRsud  T sudV sud, best in the sense of least squar
error between symmetry equivalent Fourier coefficien
[Here Rsrd, the inverse Fourier transform ofRsud, is the
image of a single surface.]

To be specific, in Fourier space we used the Wie
filter

Rsud  IsudApsudyfjAsudj2 1 jhsudj2g , (3)

with

Asud  1 1 exps2piu ? dd (4)

estimating the noise from radial sections and then eit
removing the noise first [20] [and using a small positi
value forhsud in Eq. (3) as a pseudoinverse] or includin
this estimate directly; the results were independent of
method used.

Using this strategy, we than determinedRsrd for two
different images (image 1 and image 2 with differe
defocus) using large areass1024 3 1024 pixelsd. For
image 1, separation of the bottom and top surfaces
done for three different regions, and, for image 2, on
one region was used.

Part of a large area, separated and subsequently (th
fold) rotationally averaged from image 1, is shown
Fig. 1. Evident are all the main details of the structu
with “black atoms,” not just the adatoms but also t
dimers. This is even more apparent for the rotationa
and translationally averaged image in Fig. 2. The inse
Fig. 2 is a multislice image simulation for a defocus
236 nm performed using a 3-layer model which match
exceedingly well.
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FIG. 2. A separated, rotationally (sixfold) and translationa
averaged image from image 1. The inset is an image simula
for a defocus of236 nm. Atoms are black, with slightly
darker features at the adatom locations where two atoms
superimposed.

As a cross-check, Fig. 3 shows the results from imag
separation and translational averaging, with an ima
simulation inset. While at this particular defocu
s2136 nmd one cannot directly see the atomic structu
the correspondence between the experimental and ca
lated images is fairly good. In fact, there are differenc
between the images; the calculated image has the opp
phase compared to the experimental one, in particular
three reflections [s5, 0d, s7, 2d, ands4, 4d]. If we obtained

FIG. 3. A rotationally (sixfold) and translationally average
image after separation which fits at a defocus of2136 nm, as
shown by the image simulation inserted.
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such a match for a bulk crystal using conventio
HREM, we would not be satisfied; however, consider
the low signal levels, the neglect of dynamical diffract
and subsurface strains, as well as image astigmatism
tilt, the agreement is reasonable.

The experimental data herein clearly show all
primary features of the DAS model, the dimers as w
as the adatoms. This illustrates the difference betw
HREM as an imaging technique and STM; HREM n
only shows the outermost surface but also the la
underneath. It is a point of some relevance that the im
that we employed herein are by no means testing
intrinsic resolution of the microscope; in fact, we are o
using information out to about 2.5 Å. The major fac
limiting the available resolution is noise, which origina
almost exclusively from relatively poor counting statist
and low contrast levels (2%–3%). Of the two, shot no
is the primary limitation. This is not, in fact, an intrins
problem, and, by using longer exposures and higher b
fluxes (for instance, field emission sources), it sho
be realistic to reduce the noise by perhaps a fa
of 5–10. At this level, direct information about dim
configurations at, for example, domain boundaries
other types of defects should become directly accessi

Two small points merit clarification; first, our use
p6mm symmetry here. From LEED [11], theoretic
studies [13–17], and STM [22], there is evidence fo
small deviation top3m1 symmetry. As noted by Tweste
and Gibson [12], this is small and has relatively min
effects upon the low-order beam intensities. There
be a small phase change, which, from electron diffrac
data [23], we can estimate to be about 5 degrees, far
than the errors in the experimentally measured amplitu
In the future, with better data, it may be possible
improve on our method and use lower symmetries.
second point concerns our neglect of focus differen
between the top and bottom surfaces. This will lead
small effect, even if we make the pessimistic estimate
the crystal is as thick as 10 nm, when working around
Scherzer defocus or another pass band. In thicker cry
this type of effect [24] needs to be considered.

This work was supported by NSF Grant No. DM
9214505 (E. B. and L. D. M.), AFOSR Grant No. F4962
92-J-0250 (R. P.), and partial support from the NE
Grant (T. I., P. M. A., and S. I.).
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